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BMS-663068 is an oral prodrug of the HIV-1 attachment inhibitor BMS-626529, which prevents viral attachment to host CD4� T
cells by binding to HIV-1 gp120. To guide dose selection for the phase 3 program, pharmacokinetic/pharmacodynamic modeling
was performed using data from two phase 2 studies with HIV-1-infected subjects (n � 244). BMS-626529 population pharmaco-
kinetics were described by a two-compartment model with first-order elimination from the central compartment, zero-order
release of prodrug from the extended-release formulation into a hypothetical absorption compartment, and first-order absorp-
tion into the central compartment. The covariates of BMS-663068 formulation type, lean body mass, baseline CD8� T-cell per-
centage, and ritonavir coadministration were found to be significant contributors to intersubject variability. Exposure-response
analyses showed a relationship between the loge-transformed concentration at the end of a dosing interval (Ctau) normalized for
the protein binding-adjusted BMS-626529 half-maximal (50%) inhibitory concentration (PBAIC50) and the change in the HIV-1
RNA level from the baseline level after 7 days of BMS-663068 monotherapy. The probability of achieving a decline in HIV-1 RNA
level of >0.5 or >1.0 log10 copies/ml as a function of the loge-transformed PBAIC50-adjusted Ctau after 7 days of monotherapy
was 99 to 100% and 57 to 73%, respectively, for proposed BMS-663068 doses of 400 mg twice daily (BID), 600 mg BID (not stud-
ied in the phase 2b study), 800 mg BID, 600 mg once daily (QD), and 1,200 mg QD. On the basis of a slight advantage in efficacy
of BID dosing over QD dosing, similar responses for the 600- and 800-mg BID doses, and prior clinical observations, BMS-
663068 at 600 mg BID was predicted to have the optimal benefit-risk profile and selected for further clinical investigation. (The
phase 2a proof-of-concept study AI438006 and the phase 2b study AI438011 are registered at ClinicalTrials.gov under numbers
NCT01009814 and NCT01384734, respectively.)

As the management of HIV-1 infection requires lifelong treat-
ment with sequential combination antiretroviral therapy

(cART), antiretrovirals with a novel mechanism of action that can
be used in combination with other agents to form active regimens
following virologic failure are needed. This is particularly relevant
for heavily treatment-experienced patients who, by definition,
have limited remaining treatment options due to viral drug resis-
tance, toxicity, and drug-drug interactions (1). For such patients,
treatment guidelines recommend construction of a new regimen
containing two or, ideally, three fully active agents where possible,
on the basis of treatment history, viral drug resistance, and/or a
new mechanism of action (1, 2).

BMS-663068 is an oral prodrug of the first-in-class HIV-1 at-
tachment inhibitor BMS-626529, which prevents initial viral at-
tachment to the host CD4� T cell by binding to the viral envelope
protein gp120 (3). BMS-663068 is administered as an extended-
release (ER) formulation, which is delivered to the gastrointestinal
tract, where it is metabolized in the small intestine by alkaline
phosphatase (ALP) to release the active moiety, BMS-626529 (4).
BMS-626529 is then rapidly absorbed due to its efficient mem-
brane permeability (4).

BMS-626529 is a human P-glycoprotein substrate and is pri-
marily metabolized by esterases with contributions from a cyto-
chrome P450 3A4 (CYP3A4) pathway (Bristol-Myers Squibb,
data on file). Consistent with its CYP3A4 clearance, a clinical

drug-drug interaction study showed that there was a moderate
increase in BMS-626529 systemic exposure (a 53 to 68% increase
in the maximum concentration [Cmax] and a 45 to 54% increase in
the area under the concentration-time curve for a dosing interval
[AUCtau]) when BMS-663068 was coadministered with the
CYP3A4 inhibitor ritonavir (RTV) or ritonavir-boosted atazana-
vir (ATV/r) (5).

In a phase 2a study of BMS-663068 monotherapy with or with-
out RTV boosting in treatment-naive and treatment-experienced
subjects (AI438006 study; ClinicalTrials.gov registration num-
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ber NCT01009814), a maximum median decline in the plasma
HIV-1 RNA level of 1.12 to 1.73 log10 copies/ml was observed after
8 days of treatment (6). The greatest virologic response (a change
in the HIV-1 RNA level from the baseline level of �1 log10 copies/
ml) to BMS-663068 treatment was in subjects with a baseline
BMS-626529 half-maximal (50%) inhibitory concentration
(IC50) of �100 nM, with no change in efficacy detected across a
wide range of doses. In a subsequent phase 2b dose-finding study
(the AI438011 study; ClinicalTrials.gov registration number
NCT01384734) with HIV-1-infected, treatment-experienced
subjects who were screened for sensitivity to BMS-626529 (mea-
sured with the Monogram Biosciences PhenoSense Entry assay)
prior to enrollment on the basis of the findings of the phase 2a
study, 7 days of BMS-663068 monotherapy in a lead-in substudy
resulted in a median decline in the HIV-1 RNA level of 0.69 log10

copies/ml with a dose of 400 mg twice daily (BID) and 1.28 to 1.44
log10 copies/ml with BMS-663068 doses of 600 mg once daily
(QD), 800 mg BID, and 1,200 mg QD (7). BMS-663068 also had
efficacy similar to that of the comparator treatment, ATV/r, fol-
lowing 24 weeks of cART with raltegravir (RAL) and tenofovir
disoproxil fumarate (TDF) as backbone treatments in all arms: 69
to 80% of subjects across the BMS-663068 arms and 75% of sub-
jects in the ATV/r arm achieved HIV-1 RNA levels of �50 cop-
ies/ml through week 24 (modified intent-to-treat population) (7).
Furthermore, all doses were generally well tolerated, and there
were no BMS-663068-related adverse events (AEs) leading to dis-
continuation (7).

The three primary aims of the analyses presented here were to
develop a population pharmacokinetic (PK) model for BMS-
626529 (determining significant covariates contributing to inter-
subject variability in BMS-626529 PKs); examine the PK/pharma-
codynamic (PD) relationships between BMS-626529 systemic
exposure and efficacy/safety variables; and use model-based trial
simulations to facilitate optimal dose selection for the phase 3
study, in which BMS-663068 is being investigated in a heavily
treatment-experienced population. The optimal dose was selected
on the basis of the overall benefit-risk profile with the aim of
maximizing the concentration at the end of a dosing interval (Ctau;
24 h for QD doses and 12 h for BID doses) while minimizing Cmax,
taking into consideration increases in BMS-626529 exposure in
the presence of RTV (5) and a QTc effect seen at a supratherapeu-
tic dose of 2,400 mg BID that did not occur at a therapeutic dose of
1,200 mg QD (8).

MATERIALS AND METHODS
Study data. Data from a phase 2a proof-of-concept study (the AI438006
study; NCT01009814) and a phase 2b study (the AI438011 study;
NCT01384734), both with HIV-1-infected subjects, were included in the
analysis (Tables 1 and 2). Two different formulations were tested: a wet
granulation was developed (at 400-mg and 600-mg strengths) for the
AI438011 study to overcome challenges in the process for the manufac-
ture of the dry granulation formulation tested in the AI438006 study.
Subjects in the AI438006 study received an ER dry-granulation formula-
tion of BMS-663068 as monotherapy for 8 days, at doses of 600 mg with
RTV boosting (RTV 100 mg) every 12 hours (Q12H), or 1,200 mg every
bedtime, or 1,200 mg Q12H, with or without RTV boosting (100 mg
RTV). Subjects in the AI438011 study received an ER wet granulation
formulation of BMS-663068 at a dose of 400 mg BID, 600 mg QD, 800 mg
BID, or 1,200 mg QD, all with a backbone of RAL at 400 mg BID and TDF
at 300 mg QD, for up to 48 weeks (and the subjects were followed up to 96
weeks); a subset also participated in an elective 7-day monotherapy sub-

study prior to the main study. Only subjects with a baseline BMS-626529
half-maximal (50%) inhibitory concentration (IC50) of �100 nM were
included in the AI438011 study (7); the baseline BMS-626529 IC50 was
not an exclusion criterion for the AI438006 study. Plasma samples were
analyzed for BMS-626529 concentrations by a validated liquid chroma-
tography-mass spectrometry/mass spectrometry (LC-MS/MS) assay as
previously described (6).

Objectives. The objectives of the population PK analysis were to de-
velop a population PK model for BMS-626529 in HIV-1-infected sub-
jects, quantify the potential influence of covariates that contribute signif-
icantly to intersubject differences in BMS-626529 PK parameters, and
derive post hoc estimates of systemic exposure metrics (Cmax, Ctau, and the
average steady-state concentration [Css,avg]) for subsequent exposure-re-
sponse analyses. The objective of the exposure-response analysis was to
characterize the relationships between BMS-626529 systemic exposure
and the antiviral response during both monotherapy and cART (at 24
weeks) and/or key safety parameters with or without normalization for
viral susceptibility (the BMS-626529 IC50). The objectives of the model-
based dose simulation analysis were to predict the antiviral response as a
function of BMS-626529 exposure for five potential BMS-663068 dosing
regimens proposed for use in the phase 3 program (including a 600-mg
BID dose, which has not yet been studied clinically) and to select an
appropriate dose on the basis of the overall benefit-risk profile.

Population PK model for BMS-626529. The population PK model
was developed using a nonlinear mixed-effect modeling approach, imple-
mented in NONMEM (version 7.2.0) software, with a first-order condi-
tional estimation model with interaction (FOCEI). A base model was
developed using data from study AI438011 and applied to the combined
data from studies AI438011 and AI438006, allowing for selected covariate
effects (the effect of the formulation on relative bioavailability and input
duration, the effect of RTV coadministration on relative bioavailability,
and the effect of combination therapy and lean body mass [LBM] on
clearance) to improve model stability. The full model approach was then
implemented, in which all the remaining covariates were entered into the
base model to investigate covariate parameter relationships with age, gen-
der, race, treatment experience, laboratory parameters (creatinine clear-
ance, liver enzyme levels, creatinine levels, total bilirubin levels), and base-
line disease characteristics (plasma HIV-1 RNA levels, BMS-626529 IC50,
CD4� T-cell counts and percentages, and CD8� T-cell counts and per-
centages). This was followed by a stepwise backwards elimination at a
significance level of a P value of �0.001, where the relative influence of
each covariate was reevaluated by deleting it from the full model on an
individual basis. Only statistically significant and/or clinically relevant
relationships were included in the final model. The ability of the final
population PK model to describe the observed data (central tendency and
variability in exposures to BMS-626529) was evaluated using visual pre-
dictive checks.

Exposure-response analysis. Exploratory graphical exposure-re-
sponse analyses were used to investigate potential relationships between
BMS-626529 systemic exposure (Cmax, Ctau, and Css,avg) and response and
safety variables. Response variables included the antiviral response during
BMS-663068 monotherapy (decline in the HIV-1 RNA level from the
baseline, data from the AI438006 study and from subjects who partici-
pated in the monotherapy substudy in the AI438011 study) and during
cART (the proportion of subjects with �50 HIV-1 RNA copies/ml
through week 24 in the AI438011 study). Safety variables included se-
lected AEs (on the basis of common treatment-related AEs in the
AI438011 and AI438006 studies [headache, diarrhea, nausea, vomiting,
and rash]) and changes in laboratory parameters (serum albumin, liver
enzyme, creatine kinase, amylase, and total lipase levels and hematologic
parameters [neutrophil, lymphocyte, monocyte, eosinophil, basophil,
leukocyte, erythrocyte, and platelet counts and hemoglobin and hemato-
crit levels]).

On the basis of exploratory graphical exposure-response plots, linear
and inhibitory maximum effect (Emax) models were used to quantify the
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trends observed between BMS-626529 systemic exposure and the antiviral
response (decline in the HIV-1 RNA level from the baseline) during BMS-
663068 monotherapy with and without normalization for the protein bind-
ing-adjusted BMS-626529 IC50 (PBAIC50) and with and without loge trans-
formation. PBAIC50 was computed as IC50 � 473.48/0.12, where 473.48
represents the molecular weight of BMS-626529, which was applied to con-
vert the IC50 from molar to mass units, and 0.12 represents the free fraction in
plasma, which was applied to account for protein binding. Log10-trans-
formed baseline HIV-1 RNA levels were tested as a covariate on the slope of
the linear models and on the Emax in inhibitory Emax models. Logistic regres-
sion was used to evaluate possible relationships between BMS-626529 sys-
temic exposure and response as part of cART (the proportion of subjects with
HIV-1 RNA levels of �50 copies/ml through week 24).

Model-based simulations of BMS-663068 doses. The final popula-
tion PK and exposure-response models were implemented using the
Pharsight trial simulator (version 2.2.1; Pharsight, St. Louis, MO, USA)
using Monte Carlo methods to simulate BMS-626529 PK profiles (Cmax,
Css,avg, and Ctau) and the resulting antiviral responses (the probability of
achieving a decline in HIV-1 RNA levels of �0.5 or �1.0 log10 copies/ml
from the baseline level as a function of BMS-626529 exposure, with a
decline of �0.5 log10 copies/ml being based on FDA draft guidance for

clinical trial endpoints in heavily treatment-experienced patients) (9) fol-
lowing 7 days of BMS-663068 monotherapy for proposed BMS-663068
doses of 400, 600, and 800 mg BID and 600 and 1,200 mg QD. Only
subjects with a baseline BMS-626529 IC50 of �100 nM were included in
the phase 2b study (AI438011), but this cutoff point was not applied to the
phase 2a study (AI438006) or to the simulation. Therefore, IC50s were
redetermined at random from all baseline values observed in studies
AI438006 and AI438011 up to a maximum of 10 �M. The distributions of
PK parameters were described by the vector of fixed effects and the
diagonal � matrix.

Simulations were performed for 10,000 hypothetical subjects (2,000
subjects for each of the five proposed dosing regimens).

RESULTS
Population PK analysis. A total of 4,377 plasma BMS-626529
concentrations from 244 subjects (50 from the AI438006 study
and 194 from the AI438011 study) were included in the popula-
tion PK analysis. The PKs of BMS-626529 were adequately de-
scribed by a two-compartment model with first-order elimination
from the central compartment and the zero-order release of the

TABLE 1 Studies included in the analysisa

Study, study design Study drug and dosage
No. of
subjects PK assessment Response assessment

AI438006 (phase 2a proof-of-concept
study with HIV-1-infected
subjects), a randomized, open-
label, multiple-dose, parallel study,
monotherapy administered on
days 1 to 8

Group 1, BMS-663068 at 600 mg
Q12H � RTV at 100 mg
Q12H; group 2, BMS-663068
at 1,200 mg QHS � RTV at
100 mg QHS; group 3, BMS-
663068 at 1,200 mg Q12H �
RTV at 100 mg Q12H; group
4, BMS-663068 at 1,200 mg
Q12H � RTV at 100 mg
QAM; group 5, BMS-663068
at 1,200 mg Q12H

50 Groups 1 and 3 to 5, intensive
sampling after the a.m.
dose on day 1 and after
both doses on day 8 and
sampling for determination
of trough concn on days 5,
6, and 7; group 2, intensive
sampling after p.m. dose
on days 1 and 8 and
sampling for determination
of trough concn on days 5,
6, and 7

Change in plasma HIV-1 RNA level
(log10 copies/ml) daily (day 1 to
day 8); CD4� and CD8� T-cell
count and percentage (day 1 and
day 8); AEs; clinical laboratory
values (days 1, 4, 8, and 11)

AI438011 (phase 2b study with
HIV-1-infected subjects), a 7-day
lead-in monotherapy substudy
(with �10 subjects from each
BMS-663068 treatment group)

Group 1, BMS-663068 at 600 mg
QD � RAL at 400 mg BID �
TDF at 300 mg QD; group 2,
BMS-663068 at 1,200 mg QD
� RAL at 400 mg BID � TDF
at 300 mg QD; group 3, BMS-
663068 at 400 mg BID � RAL
at 400 mg BID � TDF at 300
mg QD; group 4, BMS-663068
at 800 mg BID � RAL at 400
mg BID � TDF at 300 mg
QD; group 5, ATV/r at 300/
100 mg QD � RAL at 400 mg
BID � TDF at 300 mg QD

32 Groups 1 to 4, intensive
sampling after the a.m.
dose on day 7 and
sampling for determination
of trough concn on days 2,
5, 6, and 7

Change in plasma HIV-1 RNA level
(log10 copies/ml) (days 1, 2, 5, 6,
and 7); CD4� and CD8� T-cell
count and percentage (days 1
and 7); AEs, fasting chemistry
and lipids (days 1 and 7);
immunologic biomarkers (days 1
and 7)

AI438011 (phase 2b study with HIV-
1-infected subjects), primary study
with combination therapy for 96
wk

Group 1, BMS-663068 at 600 mg
QD � RAL at 400 mg BID �
TDF at 300 mg QD; group 2,
BMS-663068 at 1,200 mg QD
� RAL at 400 mg BID � TDF
at 300 mg QD; group 3, BMS-
663068 at 400 mg BID � RAL
at 400 mg BID � TDF at 300
mg QD; group 4, BMS-663068
at 800 mg BID � RAL at 400
mg BID � TDF at 300 mg
QD; group 5, ATV/r at 300/
100 mg QD � RAL at 400 mg
BID � TDF at 300 mg QD

196 Groups 1 to 4, intensive
sampling in wk 2 (�10
subjects in each group) and
sparse sampling of all
subjects before the a.m.
dose and 1–4 h after the
a.m. dose at wk 4, 8, 12, 16,
20, and 24

Change in plasma HIV-1 RNA level
(log10 copies/ml) (day 1; wk 2, 4,
8, 12, 16, 20, 24, 32, 40, 48, 56,
64, 72, 80, 88, and 96; and/or
ET); CD4� and CD8� T-cell
count and percentage (day 1; wk
2, 4, 8, 12, 16, 20, 24, 32, 40, 48,
56, 64, 72, 80, 88, and 96; and/or
ET); AEs; fasting chemistry and
lipids (day 1; wk 2, 4, 8, 12,16,
20, 24, 32, 40, 48, 56, 64, 72, 80,
88, and 96; and/or ET)
immunologic biomarkersb (day
1; wk 2, 12, 24, 32, 48, and 96;
and/or ET)

a All treatments were administered in the fed state. AE, adverse event; ATV/r, ritonavir-boosted atazanavir; BID, twice daily; ET, early termination; Q12H, every 12 h; QAM, every
morning; QD, once daily; QHS, every night; RAL, raltegravir; RTV, ritonavir; TDF, tenofovir disoproxil fumarate.
b The T-cell functional assay was performed only on weeks 24, 48, and 96 and/or at ET.
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BMS-663068 prodrug from the ER formulation into a hypotheti-
cal absorption depot compartment, followed by first-order ab-
sorption into the central compartment (Fig. 1). A factor of 0.81,
based on the relative molecular weights of BMS-663068 and BMS-
626529, was included as a bioavailability fraction for the central

compartment to convert the dose of the BMS-663068 prodrug to
the BMS-626529 equivalent dose. Following the backward elimi-
nation of the covariate parameter relationships from the full co-
variate model, the BMS-663068 formulation type (wet or dry
granulation) was found to have a statistically significant effect
(P � 0.001) on the duration of BMS-663068 release (DUR) from
the ER formulation and on relative bioavailability. DUR was 26%
lower and relative bioavailability was 41% lower for the dry gran-
ulation formulation than for the wet granulation formulation. In
addition, the continuous covariates LBM and the baseline per-
centage of CD8� T cells were found to have a statistically signifi-
cant (P � 0.001) effect on apparent oral clearance (CL) (Fig. 2),
with CL increasing 0.770 liter/h for every unit increase in LBM
above the reference value of 54 kg and CL decreasing 0.548 liter/h
for every unit increase in the baseline percentage of CD8� T cells
above the reference value of 57%. These covariate parameter rela-
tionships were included in the final model. Although the effect of
RTV coadministration on relative bioavailability was statistically
significant only at the level of a P value of �0.05 (P 	 0.0035), it
was also included in the final model due to clinical interest and the
magnitude of the effect (a 36% increase in relative bioavailability)
(Fig. 2). Parameter estimates for the final population PK model
are shown in Table 3. Prediction-corrected visual predictive
checks confirmed that the final model adequately described the
observed BMS-626529 steady-state concentrations in HIV-1-in-
fected subjects (Fig. 3).

Exposure-response analyses. The monotherapy and combi-
nation therapy exposure-response analyses performed at the sub-
ject level included data from 77 subjects who received BMS-
663068 monotherapy (48 from the AI438006 study and 29 from
the AI438011 study) and 190 subjects who received BMS-663068
as part of cART (the AI438011 study). Data for two subjects from

TABLE 2 Baseline demographics and disease characteristicsa

Characteristic Valueb

Median (range) baseline value for:
Age, yrs 40.0 (20.0–70.0)
Wt, kg 71.0 (40.0–151.3)
LBM, kg 54.0 (32.0–76.0)

No. (%) of subjects by gender
Male 166 (68)
Female 78 (32)

No. (%) of subjects by race
White 122 (50)
Black/African-American 59 (24)
Asian 2 (1)
Otherc 61 (25)

No. (%) of subjects by BMS-663068 formulation
Dry granulation 50 (20)
Wet granulation 194 (80)

No. (%) of subjects concomitantly receiving RTV
(study AI438006 only)

40 (16)

No. (%) of subjects with prior therapy experience
Experienced 210 (86)
Naive (study AI438006 only) 34 (14)

Median (range) baseline value for:
HIV-1 RNA level, log10 no. of copies/ml 4.8 (1.7–6.8)
CD4� T-cell count, no. of cells/mm3 271 (32–921)
CD8� T-cell count, no. of cells/mm3 886 (180–3162)
CD8� T-cell count, % 18 (3–40)
CD4� T-cell count, % 57 (32–83)

a LBM, lean body mass; RTV, ritonavir.
b Data are for 244 subjects for all characteristics except for CD4� and CD8� T-cell
counts, for which the data are for 240 subjects.
c The majority of the subjects within the other category reported themselves to be
multiracial.

FIG 1 BMS-626529 population PK model. AMT, administered treatment;
CL, apparent oral clearance; DUR, estimated duration of BMS-663068 release
from the extended-release formulation; F1, relative bioavailability; KA, first-
order absorption rate constant; Q, intercompartmental clearance; V2, volume
of distribution of the central compartment; V3, volume of distribution of the
peripheral compartment.

FIG 2 Predicted fold change in PK parameters due to covariate effects. Cate-
gorical covariates were RTV coadministration and dry granulation formula-
tion, where the diamonds represent the estimated change in the parameter due
to the covariate and whiskers represent the 95% confidence interval of the
estimate. Continuous covariates were LBM and the baseline CD8� percentage,
where the diamonds represent the reference values and whiskers represent the
change in the parameter at the minimum and maximum value of the covariate
(noted on plot). Dashed lines represent a 25% change in the parameter relative
to the value for the reference individual who received the wet granulation
formulation without RTV. 1, exponent for the effect of the median-normal-
ized baseline LBM on CL; 2, exponent for the effect of the median-normalized
baseline CD8� percentage on CL; 3, change relative to the reference treatment
(BMS-663068 dosed without RTV); 4, change relative to the reference formu-
lation (the wet granulation). BL, baseline; CL, apparent oral clearance; DUR,
estimated duration of BMS-663068 release from the extended-release formu-
lation; F1, relative bioavailability; LBM, lean body mass; RTV, ritonavir.
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the AI438006 study were excluded from the exposure-response
analyses due to missing baseline BMS-626529 IC50s, and data for
four subjects from the AI438011 study were excluded due to miss-
ing viral load data at baseline.

During BMS-663068 monotherapy, baseline viral drug suscep-

tibility (PBAIC50) was the most influential factor determining the
magnitude of the decline in HIV-1 RNA levels. PK/PD analysis
was conducted on the day after 7 days of monotherapy. The most
compelling relationships observed were those between loge-trans-
formed PBAIC50-adjusted Css,avg or Ctau and the change in HIV-1
RNA levels from the baseline (log10 number of copies/ml). There
were no discernible differences between Ctau and Css,avg when they
were used in conjunction with PBAIC50 to predict the decline in
HIV-1 RNA levels during monotherapy. The lack of a difference
could be attributed to the normalization for PBAIC50, which re-
sulted in a minimal difference in the drop in the viral load pre-
dicted. Hence, Ctau was selected for use in the analysis, as it is
generally considered a more reliable predictor of antiviral activity
(Fig. 4) (1). No trends were observed for any other efficacy or
safety variables during monotherapy.

During cART, Ctau was not a significant predictor of the anti-
viral response (the proportion of subjects with HIV-1 RNA levels
of �50 copies/ml through week 24), regardless of normalization
for PBAIC50 or loge transformation. To determine whether there
was an exposure effect, the predicted influence of loge(Ctau) was
investigated in the models with the lowest probability for an ex-
posure effect during cART (i.e., loge[Ctau] at week 24 in the ob-
served population). The results are shown in Fig. 5. No exposure-
response trends were observed for any of the safety variables (with
or without normalization for the BMS-626529 IC50) during 24
weeks of cART with RAL and TDF.

Model-based simulations to identify a BMS-663068 dose for
use in phase 3 studies. As no exposure-response trends were

TABLE 3 Estimated population PK parameters for the final modela

Effect and parameter Units Estimate (% CV) % RSE

95% CI

Lower Upper

Fixed effects
CL (
1) Liters per hour 28.2 3.39 26.3 30.1
V2 (
2) Liters 32.3 16.2 22.1 42.5
KA (
3) Liters per hour 1.22 9.92 0.983 1.46
Q (
4) Liters per hour 14.5 5.17 13.0 16.0
V3 (
5) Liters 85.5 6.32 74.9 96.1
DUR (
6) Hours 9.16 1.06 8.97 9.35
Effect of dry formulation on F1 (
7)b 0.586 10.6 0.464 0.708
Effect of dry formulation on DUR (
8)b 0.736 2.11 0.706 0.766
Effect of RTV on F1 (
9)c 1.36 11.1 1.06 1.66
Effect of baseline LBM on CL (
10)d 0.770 18.8 0.486 1.05
Effect of baseline CD8% on CL (
11)e �0.548 28.6 �0.856 �0.240

Interindividual random effects
CL, variance 0.132 (36.3) 10.8 0.104 0.160
V2, variance 1.12 (106.0) 18.7 0.710 1.53
V3, variance 0.295 (54.3) 18.6 0.187 0.403

Residual error random effects, proportional error 0.341 (58.4) 2.12 0.327 0.355
a CI, 95% confidence interval; CL, apparent oral clearance; CV, coefficient of variation; DUR, estimated duration of BMS-663068 release from the extended-release formulation; F1,
relative bioavailability; KA, first-order absorption rate constant; LBM, lean body mass; Q, intercompartmental clearance; RSE; relative standard error of the estimate; RTV,
ritonavir; V2, volume of distribution of the central compartment; V3, volume of distribution of the peripheral compartment. CL 	 
1 � (LBM/54)
10 � (BL percentage of CD8
cells/57)
11; F1 	 0.81 � 
7FORM (where FORM represents the formulation; if a dry granulation is used, FORM is equal to 1; otherwise, FORM is equal to 0) � 
9RTV (where RTV
represents RTV coadministration; if RTV is coadministered, RTV is equal to 1; otherwise, RTV is equal to 0); 0.81 converts the dose of BMS-663068 to the BMS-626529 dose
equivalent; DUR 	 
6 � 
8FORM (if a dry granulation is used, FORM is equal to 1; otherwise, FORM is equal to 0).
b Change relative to the value obtained with the reference formulation (wet granulation).
c Change relative to the value obtained with the reference treatment (BMS-663068 dosed without RTV).
d Exponent for the effect of the median-normalized baseline LBM on CL.
e Exponent for the effect of the median-normalized baseline percentage of CD8� cells on CL.

FIG 3 Prediction-corrected visual predictive checks for the final population
PK model. (A) Linear plot; (B) semilogarithmic plot. Solid black lines, 5th,
50th, and 95th percentiles of the prediction-corrected observations from bot-
tom to top, respectively; gray bands, 90% confidence intervals for the 5th, 50th,
and 95th percentiles of the prediction-corrected simulated values (500 repli-
cates) from bottom to top, respectively.
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observed following 24 weeks of combination therapy in the
AI438011 study, the responses observed following 7 days of BMS-
663068 monotherapy were used to discriminate between BMS-
663068 doses. The most appropriate time point selected for anal-
ysis was after 7 days of dosing, as it was the latest time point at
which observations were available from both the AI438006 and
AI438011 studies during monotherapy. PKs/PDs were assessed on
day 8. Simulations were used to assess the probability of achieving
a decline in HIV-1 RNA levels of �0.5 or �1 log10 copies/ml after
7 days of BMS-663068 monotherapy as a function of the BMS-
626529 loge-transformed PBAIC50-adjusted Ctau for the five pro-
posed BMS-663068 dosing regimens (Fig. 6). The baseline HIV-1
RNA level was included as a significant covariate in the response.
Simulations incorporated intersubject variability and sampled the
distributions of the covariates CD8� T-cell percentage, LBM, the

baseline HIV-1 RNA level (log10 copies/ml), and the expected
range in baseline BMS-626529 PBAIC50 values (on the basis of
values observed in studies AI438006 and AI438011). The proba-
bility of achieving a decline in HIV-1 RNA levels of �0.5 log10

copies/ml was 99 to 100% for all dosing regimens. The probability
(for each regimen) of achieving a decline in HIV-1 RNA levels of
�1 log10 copies/ml was 68% for the dose of 400 mg BID, 57% for
the dose of 600 mg QD, 71% for the dose of 600 mg BID, 73% for
the dose of 800 mg BID, and 61% for the dose of 1,200 mg QD.
When the data for subjects with a baseline BMS-626529 IC50 of
�100 nM were excluded, no notable difference between the dos-
ing regimens was observed for a target decline in the HIV-1 RNA
level of �0.5 log10 copies/ml.

DISCUSSION

Optimal dose selection requires the evaluation of inter- and intra-
subject variability in the PKs and PDs of a drug. This analysis used
data from two phase 2 studies (AI438006 and AI438011) to create
a nonlinear mixed-effects model to describe the PKs of BMS-
626529 and an exposure-response model to predict antiviral ac-
tivity following repeat oral administration of BMS-663068 in
HIV-1-infected subjects. The results, in combination with clinical
observations and analysis of the overall benefit-risk profile, were
then used to help select an optimal dose for the phase 3 program.

The PKs of BMS-626529 were adequately described by a two-
compartment model incorporating a zero-order input into a hy-

FIG 4 Relationship between PBAIC50-adjusted Ctau and change in the HIV-1
RNA level from the baseline level (log10 copies/ml) after 7 days of BMS-663068
monotherapy. CI, confidence interval; Ctau, concentration at the end of a dos-
ing interval; PBAIC50, protein binding-adjusted BMS-663068 half-maximal
(50%) inhibitory concentration.

FIG 5 Model-predicted relationship between an HIV-1 RNA level of �50
copies/ml and ln(Ctau) at week 24 (observed population). The predicted prob-
abilities of a value of 1 for the antiviral response variable for the observed
population at a baseline log10 HIV-1 RNA level of 4.795 log10 copies/ml are
shown. Ctau, concentration at the end of a dosing interval.

FIG 6 Probability of achieving a decline in the HIV-1 RNA level of �0.5 log10

copies/ml and �1 log10 copies/ml from the baseline level as a function of the
BMS-626529 loge PBAIC50-adjusted Ctau. Closed squares at bottom and top
for each dose, 5th and 95th percentiles, respectively; bottoms and tops of bars,
10th and 90th percentiles, respectively; bottoms and tops of large open
squares, interquartile range; solid horizontal bars, medians; dotted lines,
means; dashed lines, target change in viral loads. BID, twice daily; Ctau, con-
centration at the end of a dosing interval; PBAIC50, protein binding-adjusted
BMS-663068 half-maximal (50%) inhibitory concentration; QD, once daily;
log10 c/ml, log10 copies/ml.
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pothetical depot compartment to account for the release of the
BMS-663068 prodrug from the ER formulation and a first-order
input from the depot compartment to the plasma compartment to
account for both the metabolism of BMS-663068 to BMS-626529
by ALP and the absorption of BMS-626529 into plasma. The ap-
parent oral clearance of BMS-626529 increased as lean body mass
increased and baseline CD8� counts decreased. The clinical sig-
nificance of these effects is not known. In addition, the estimated
duration of prodrug release from the ER formulation was shorter,
and relative bioavailability was lower for the dry granulation for-
mulation of BMS-663068 (used in the AI438006 study) than the
wet granulation formulation (used in the AI438011 study). The wet
formulation will be used in the phase 3 program. Although the
effect of RTV coadministration was not statistically significant,
RTV was included in the model for clinical interest due to a pre-
dicted 36% increase in BMS-626529 exposure on coadministra-
tion with RTV.

Exposure-response relationships were explored for various key
efficacy and safety endpoints both during BMS-663068 mono-
therapy and during combination therapy with RAL and TDF, but
a relationship was established only between BMS-626529 expo-
sure and the antiviral response during BMS-663068 monotherapy
at doses of 400 mg BID, 600 mg QD, 800 mg BID, and 1,200 mg
QD. Baseline viral drug susceptibility appeared to be the most
influential factor in determining the magnitude of the decline in
HIV-1 RNA levels during BMS-663068 monotherapy, in line with
observations from the AI438006 study (6, 10), and the most com-
pelling exposure-response relationships were observed with loge-
transformed PBAIC50-adjusted Css,avg and Ctau. There were no sig-
nificant differences between the Css,avg and Ctau models, so, as Ctau

is generally considered to be a better predictor of antiviral activity,
the Ctau model was selected for the modeling and simulation anal-
ysis.

The probability of achieving a decline in the HIV-1 RNA level
of �0.5 log10 copies/ml from the baseline at an early time point is
recommended as a primary endpoint for trials of antiretroviral
agents with heavily treatment-experienced patients (9). The sim-
ulation analysis showed that all proposed phase 3 study BMS-
663068 doses (400 mg BID, 600 mg BID, 800 mg BID, 600 mg QD,
1,200 mg QD) had a similar probability of achieving a decline in
the HIV-1 RNA level of �0.5 log10 copies/ml after 7 days of BMS-
663068 monotherapy. However, the BID doses had a slightly
higher probability of achieving a decline in the HIV-1 RNA level of
�1 log10 copies/ml after 7 days of BMS-663068 monotherapy than
the QD doses. While the dosing regimen with BMS-663068 at 600
mg BID was not studied in the phase 2b study, it was selected for
study in the phase 3 clinical program investigating BMS-663068
for use in heavily treatment-experienced individuals. This deci-
sion was based on the findings of the current analysis, as detailed
below.

First, based on the simulations, BID dosing of BMS-663068
was associated with a slightly higher probability of achieving a
target decline in the HIV-1 RNA level of �1 log10 copies/ml than
QD dosing, and the 600-mg BID and 800-mg BID doses had sim-
ilar probabilities of achieving a target decline of �1 log10 copies/
ml. Second, on the basis of clinical data from the AI438011 study
(7), the 400-mg BID dose led to a decline in the HIV-1 RNA level
of �1 log10 copies/ml, whereas a total daily dose of BMS-663068 at
1,200 mg (1,200 mg QD) had an efficacy and safety profile similar

to that of a total daily dose of 1,600 mg (800 mg BID) when ad-
ministered as cART for 24 weeks.

The 600-mg BID dose is expected to result in a Cmax lower than
that achieved with both the 800-mg BID and 1,200-mg QD doses
when they are coadministered with a boosted protease inhibitor
(PI), which would allow a greater therapeutic margin from the
supratherapeutic dose of 2,400 mg BID that is associated with
Cmax-driven QTc interval prolongation (8). This consideration
may be important, because BMS-663068 could be used in combi-
nation with antiretroviral agents, such as RTV-boosted PIs, that
have been shown to increase the BMS-626529 Cmax by �50 to 68%
(5, 11). This observation may be particularly relevant for heavily
treatment-experienced individuals, such as those in the phase 3
study population, who are likely to be receiving RTV-boosted PIs.
Notably, the increases in BMS-626529 exposure achieved when
BMS-663068 was coadministered with RTV-boosted PIs in previ-
ous studies did not affect the safety profile of BMS-663068 and are
therefore not expected to be clinically relevant (5, 11). Impor-
tantly, despite the predicted increase in the BMS-626529 Cmax

achieved following the administration of BMS-663068 at 800 mg
BID and 1,200 mg QD compared with that achieved following the
administration of BMS-663068 at 600 mg BID, neither dose has
been associated with any incidence of QTc prolongation (8). Al-
though BMS-663068 at 800 mg BID was efficacious and well tol-
erated in the phase 2b study, only one regimen will be investigated
in the phase 3 program. To minimize exposure, the 600-mg BID
dose was selected because of its predicted lower Cmax.

The limitations of this investigation include the relatively small
subject number and a baseline BMS-626529 IC50 cutoff that was
applied in only one of the two studies used in the analysis. The
antiviral response was predicted to be moderately better in sub-
jects with more susceptible virus at baseline. However, when sub-
jects with a baseline BMS-626529 IC50 of �100 nM were excluded
from the analysis. there was no notable difference in the probabil-
ity of achieving a target HIV-1 RNA level decline of �0.5 log10

copies/ml and only a �6% increase in the probability of achieving
a target HIV-1 RNA level decline of �1 log10 copies/ml. Sensitivity
testing will be performed at screening in the phase 3 program and
the data will be analyzed retrospectively, but sensitivity will not be
an exclusion criterion. It should also be noted that the lack of
difference in PBAIC50-adjusted Ctau and Css,avg resulted in a min-
imal difference in predicting the viral load drop; hence, Ctau was
selected as the important exposure measure for the modeling
simulation. As BID dosing is associated with a higher Ctau, the
model predicts that a dose of 600 mg BID produces slightly
better viral suppression than one of 1,200 mg QD, although this
cannot be definitively assessed from the available data set.

In conclusion, simulations showed that BID dosing of BMS-
663068 had an advantage over QD dosing and that there was a
similar probability of achieving a decline in the HIV-1 RNA level
of �1 log10 copies/ml using BMS-663068 doses of 600 mg BID and
800 mg BID. Combined with clinical and safety observations, the
BMS-663068 dose of 600 mg BID will be investigated in a phase 3
trial with heavily treatment-experienced subjects.
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